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GROUND-WATER HYDRAULICS

METHODS OF DETERMINING PERMEABILITY,
TRANSMISSIBILITY, AND DRAWDOWN

Compiled by Ray BenrtaLL

INTRODUCTION

The development of the nonequilibrium formula by Theis (1935)
was a major advance in the field of ground-water hydraulics, and
Wenzel (1937, 1942) did much to make the formula a practical tool
for the hydrologist. Subsequently, general modifications or adjust-
ments that are applicable to the earlier methods were advocated by
Theis and other workers and new formulas for the solution of special
field problems also were developed. These papers include suggested
corrections for drawdown measurements analyzed by the Theis graphi-
cal method ; remarks pertaining to Wenzel’s limiting formula, gradient
formula, and the recovery method; a formula for corrections to be
applied if wells used for aquifer tests tap less than the full thickness
of the aquifer; formulas for the determination of aquifer constants
from water level data obtained when a well is bailed or a slug of
water is injected into a well; analyses of the effects of cyclic fluctua-
tions of the water-level, the pumping rate, or the pumping interval;
and formulas and a chart relating the specific capacity of a well to the
coefficient of trapsmissibility of the aquifer tapped by the well.
In writing these papers, it has been assumed that the reader under-
stands the basic definitions relating to ground-water hydraulics and is
acquainted with the fundamental nonequilibrium and equilibrium
formulas for determining the hydraulic constants of an aquifer. The
symbols used, unless otherwise specified, are defined as follows:
h=the height of the column of water in the pumped well or in an observation
well anywhere within the area of water-level drawdown, measured from
the bottom of the aquifer;

m=rthe thickness of the aquifer;

r—the radius of the pumped well or the distance from the pumped well to the
observation well or point at which the drawdown is desired;

s=the water-level drawdown in the pumped well, in an observation well, or at
some point in the vicinity of the pumped well;

t=the time since pumping began ;
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244 GROUND-WATER HYDRAULICS

t’=the time since pumping stopped ;

u=1.87r"8/Tt;

P=the coefficient of permeability of the aquifer;

Q@—the rate of discharge from the pumped well ;

S8=the coefficient of storage of the aquifer ; and

T=the coefficient of transmissibility of the aquifer.

Also, the terms “semilog” and “log” are used in reference to graphs to
mean semilogarithmic and logarithmic, and the units gallons per day
and gallons per minute are abbreviated to gpd and gpm, respectively.
Furthermore, the aquifer, unless otherwise specified, is assumed to
conform to the idealized conditions postulated by Theis (1935, p. 521).



DETERMINING THE PERMEABILITY OF WATER-TABLE
AQUIFERS

By C. E. Jacos

ABSTRACT

If the Theis graphical method is used for determining the hydraulic constants
of an aquifer under water-table conditions, the observed drawdowns should be
corrected for the decrease in saturated thickness. This is especially true if the
drawdown is a large fraction of the original saturated thickness, for then the
computed coefficient of permeability is highly inaccurate if based on observed,
rather than corrected, water levels.

Wenzel's limiting formula, a modification of the Theis graphical method, is
useful where ¥=r28/4T¢ is less than about 0.01. However, a shorter procedure
for determination of the coefficient of transmissibility, as well as the coefficient
of storage, consists of plotting the values of the corrected drawdowns against
the values of the logarithm of r.

Wenzel (1942) suggested that observation wells be situated on lines that ex-
tend upgradient and downgradient from the pumped well. However, a detailed
analysis of aquifer-test results indicates that such a restriction is unnecessary.

The gradient method for determining permeability should yield the same
results as the Thiem method. The former, when applied for a distance within
the range of applicability of the latter, is merely a duplication of effort or, at
best, a crude check. Because of the limitations of accuracy in plotting, the
gradient method is much less satisfactory. That Wenzel (1942) obtained iden-
tical results from the two methods is regarded as a coincidence.

Failure to take into consideration the fact that the pumped well does not tap
the full thickness of the aquifer leads to an apparent coefficient of permeability
that is much too low, especially if the aquifer consists of stratified sediments.
The average coefficient of permeability computed from uncorrected drawdowns
may be only a little more than half of the true value.

THE THEORY OF PERMEABILITY

Formulas for the steady radial flow of water toward a well that taps
the full thickness of an unconfined sand are based upon the premise,
originalily .et forth by Dupuit (1863), that for low water-table gradi-
ents the average of the horizontal, or radial, velocity in a vertical
section is proportional to the slope of the water table (d0A/07)—
that is

v=—k(3h/or).

The horizontal component of velocity at the water table actually is
equal to —k(dh/dr)/[1+ (dkh/27)?] but, for slopes that are very small
in comparison to unity, the (04/d7)? in the denominator becomes in-
significant. If the small vertical components are neglected, all flow
lines in a given vertical plane through the well can be assumed to be
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246 GROUND-WATER HYDRAULICS

both parallel and horizontal ; consequently, the distribution of vertical
pressure is hydrostatic or, in other words, the head in a vertical sec-
tion is uniform. Therefore, the horizontal component of the velocity
in a vertical section is also uniform and equals the horizontal com-
ponent at the free surface, or water table. The time rate of flow per
unit width normal to the flow is then — kA (dh/dr).

In the immediate vicinity of a pumped well that taps the full thick-
ness of an unconfined aquifer, the slope of the water table is steep
and the foregoing relations obviously do not pertain. At distances
where the flow toward.the well has not yet become steady, the water
table is declining at radially differential rates—that is, the slope of
the water table is changing with time—and again the above relations
do not pertain. When applying the theory of Dupuit, these limit-
ing distances should be approximated.

Between the two limits, Dupuit’s assumption is valid. Inasmuch
as the flow is steady, the inward flow of water through a cylindrical
surface concentric with the well equals the discharge of the well,
or

Q=2nlerh (8h/7). (1)

Separating the variables and integrating between », and »,, which are
both within the limiting distances,

R—hi=(Q/xk)log.(rs/r:) 2)

1f one integration limit is considered to be fixed and the other moving,
this equation defines, to a sufficient approximation, the lowered water
table in the annular area, concentric with the well, over which Du-
puit’s assumption is valid.

Solving equation 2 for & gives

_Qlog, (ra/ry)
= i) ®

An equivalent expression was first used by Thiem about 1906 to de-
termine the permeability of an aquifer from drawdowns in two ob-
servation wells near a pumped well (Wenzel, 1936). Principally
through the work of Wenzel, this equation has had widespread appli-
cation in this country. To minimize errors of observation as well as
errors arising from inhomogeneities of structure, Wenzel has advo-
cated using many observation wells spaced systematically on lines
radiating from the pumped well, preferably in upgradient and down-
gradient directions; then from a modification of Thiem’s equation
known as the limiting formula, an effective average permeability is
determined graphically from drawdowns observed at several points
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on the two opposing radii. The same result might be obtained more
directly, however, by plotting values of A* against logi,». If the
equation is a valid engineering approximation, the graph should yield
a straight line and the value of % can be determined from the slope
of the straight line and Q.

Often the results of an aquifer test are desired in terms of the
coefficient of transmissibility (7’) of the water-bearing material. The
coefficient of transmissibility is the product of %, which can be deter-
mined graphically from Thiem’s relation or from Wenzel’s limiting
formula and the original saturated thickness, m, which is assumed
to be uniform when the water table is in its undisturbed position. A
graph of the values of the drawdown, corrected as indicated in the fol-
lowing pages, plotted against corresponding values of logi,r gives 7'
directly, again by the straight-line method. A graph of this kind per-
mits visualization of the distribution of drawdown and of the ap-
proximate limits of usefulness of the related linear mathematical
expression. Moreover, it is useful in comparing methods involving
steady-state drawdowns with those involving nonsteady-state draw-
downs and in justifying application of the theory of nonsteady flow in
a confined aquifer of uniform transmissibility to water-table aquifers
wherein the thickness of saturated material diminishes appreciably.
In fact, as will be seen in the following pages, only after such correc-
tions have been made can the graphical procedure of Theis reasonably
be applied to nonsteady-state drawdowns.

THEIS GRAPHICAL SOLUTION USING CORRECTED DRAWDOWNS

From equation 3 above,

= logdr/r) 230 Qlogu(r/r)
L T 5 ()

Substituting s=m—*% in this relation gives

2.30 Q logy(rs/ry)

=Gt il2m)— (Rt sil2m))’

or

_ 2.30 @ logyo(ra/r1) , (4)
27 [(s;—s1/2m)—(s,—s3/2m))

where s—s2/2m is the corrected drawdown.
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If the corrected drawdown is replaced by

§'=8—(s¥/2m)=m— (h+s%/2m), (5)
where
8" is the drawdown that would occur in an equivalent confined aquifer,
then
_230Q 10gm("2/"1)_
Ly ®)

Equation 6 is an expression in terms of the drawdown, s’, for the co-
efficient of transmissibility of a confined aquifer of uniform thickness.
To solve equation 6, and hence equation 4, graphically, plot values of
8" against corresponding values of log,» and find the slope of the
straight-line plot. If As’=s]—s;istaken as the change in drawdown
over one log cycle, then log,,(r./7)=1.
and
2.30 Q
T 2wAs @

The nonsteady flow of water toward a well that taps the full sat-
urated thickness and that discharges at a constant rate from an ex-
tensive aquifer of constant transmissibility obeys the relation

Q—=21rT (s/r)+ fo " S(as/ot) 2mrdr, )

where S is in the coefficient of storage (Jacob, 1940, p. 579). When the
time rate of change of drawdown (0s/0¢) becomes small in relation
to its rate of change with distance, equation 8 reduces to equation 1,

which applies to steady radial flow. The integration of equation
8 yields

s=% W(u)

- @ (-—0 5772—logutu—o + . ) ©)
4T ’ €e 2.91

uT8.
T 4Tt

where

For small values of w (that is, when 7 is small or £ is large), equation
9 can be approximated by

_Q 4Tt i
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When ¢ is constant, this is the equation for the straight line (on semi-
logarithmic coordinates) in equation 6. After 7 is determined from
the slope of the straight line, S can be determined from the intercept,
7¢, on the 7-axis (or the log r-axis). At that point s=0;

hence

S — 0572

T =0.562,
from which
S=4-0.562 —T—} 11

Wenzel designated equation 9 as the nonequilibrium formula. Itisa
particular solution of the general second-order differential equation
and is but one of a great many particular solutions for different limit-
ing conditions. The given limiting conditions are that the discharge
of the well is constant, that the initial drawdown (referred to the
undisturbed piezometric surface) is everywhere zero, and that the flow
across the upper and lower bounding planes of the aquifer is every-
where negligible.

Equation 9 is a valid engineering approximation of the actual flow
only where 7" is virtually constant. This condition is satisfied in a
confined homogeneous bed of approximately uniform thickness or in
an unconfined homogeneous bed wherein the drawdowns are small
compared to the initial thickness of saturated material. The non-
equilibrium method, or graphical procedure of solving the exponential-
integral relation for 7 and S from observations of the variation of s
with ¢ or with », was devised by Theis (Jacob, 1940, p. 582).

When the drawdown is a large fraction of the initial saturated thick-
ness, the need for correcting the drawdown before applying the non-
equilibrium method can be demonstrated by using data from an aquifer
test conducted by S. W. Lohman near Wichita, Kans. (Wenzel, 1942,
p. 142). Both the observed and corresponding corrected drawdowns
in 6 wells after 18 days of continuous pumping at 1,000 gpm, or
1,440,000 gpd, are given in table 1, and both are plotted against » in
figure 72 and against » in figure 73. The average of the 18-day ob-
served drawdowns in the corresponding observation wells along the
north and south lines gives 7=129,000 gpd per foot and S=0.47 by
both the straight-line method (fig. 72) and the Theis graphical method
(fig. 73), whereas the average of the 18-day corrected drawdowns
in the same observation wells gives 77=154,000 gpd per ft and S§=0.35
by the same two methods. The average thickness of saturated ma-
terial at the test site at the beginning of the test was 26.8 feet and
after the 18-day period of pumping was 22.3 feet.
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TABLE 1.—Data for aquifer test near Wichita, Kans., giving drawdowns after 18 days
of continuous pumping at 1,000 gpm

Distance Ratlo of
from Observed Corrected | oo ved to
Well pumped ed drawdown, s3/2m drawdown, corrected
well, 7 : A drawdown
(ft) () ft) (ft) (tt)

Line extending north from pumped weli

) R 49.2 | 2,420 5. 91 0. 65 5. 26 1.12
S 100. 7 | 10, 140 4. 58 . 39 419 1. 09
R 189. 4 | 35, 900 3. 42 .22 3.20 1. 07

Line extending south from pumped well

49.0 | 2,400 5. 48 0. 56 4 92 1. 11
100. 4 | 10, 080 431 .35 3. 96 1. 09
190. 0 | 36, 100 3.19 .19 3. 00 1. 06

That the two procedures (the straight-line method and the Theis
graphical method) should give identical results for the test near
Wichita is clear from figure 73. The approximation for %, upon which
the straight-line plotting is based, does not differ by any significant
amount from the type curve within the range of values of u that is
involved. In this and similar instances, the nonequilibrium
method becomes an equilibrium method and the two procedures should
check each other within the limits of accuracy of plotting. There-
fore, in the analysis of aquifer-test data, the straight-line method
should be used to determine whether the flow is steady or nonsteady
over the range of the distances involved. If the flow is found to be
steady, the straight-line method suffices for determination of the hy-
draulic constants, but if the flow is found to be nonsteady, the Theis
graphical method needs to be applied.

Dividing the value of 7" obtained from the corrected drawdowns by
the initial thickness of saturated material, m=26.8 feet, gives &="5,750
gpd per sq ft, which agrees reasonably with Wenzel’s P=5,787 gpd per
sq ft. The value §=0.47, which was determined from the uncor-
rected drawdowns, is believed to be about 0.18 too high because the
value §=0.35, obtained from the corrected drawdowns, is only an
approximation and becomes even smaller when corrected further for
the reduction in saturated thickness. The corrected drawdowns used
in determining §=0.35 were those that would have occurred in a con-
fined aquifer having similar hydrologic properties and a thickness
equal to the initial thickness of saturated material in the water-table
aquifer. In order to determine the average coefficient of storage more
closely, the above determined value may be multiplied by the average
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ratio of the final to the initial saturated thickness. The theoretical
justification of this procedure follows.

The second-order differential equation governing the radial flow
of water in an unconfined aquifer is

ER[(2%h/Or?)+ (1/r) (Oh/or)]=S(dh/ot). (11a)
Substituting (m—s) for A gives
k(m—s)[(9%/0r*)+ (1/r) (ds/or)|=8(ds/dt), (11b)

which can be expressed in terms of the corrected drawdown, s’ rather
than the actual drawdown, s, by determining the relationships between
their respective differential coefficients. From

8’ =s—(s%/2m),
0s’[or=[(m—s)/m](ds/or) (11¢)

and
0%’ [ort=[(m—s)/m](d%/dr?)— (1/m) (ds/Or)2. (11d)
For low water-table gradient—values of (Js/dr)? small in comparison

with m(0%/0r?)—the last term of equation 11d can be omitted and
the equation becomes

0%’ [or*={(m—s)/m](d%s/Or?). (11e)
The third relation required is
d¢’ [ot=[(m—s)/m](ds/0t). (11f)

Making the substitutions indicated by equations 1lc, 11e, and 11f in
equation 11b gives

km[(9%’/dr?)+ (1/r) (38’ [or)]=[m/(m—s)]1S(0s’/0¢t), (11g)
which can be rewritten

T1(%’ [or*)+ (1/r) (08’ [or)]=8"(ds’/0t), (11h)

where
T=km

is the initial transmissibility and
8’=[m/(m—s)]8
is the apparent coefficient of storage.

690-185 0—63——2
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If the variation of s is small in comparison with m, 8’ may be con-
sidered essentially constant, and the integration of equation 11h gives
equation 9, in which s is replaced by ¢’ and § by S’ as one solution.
By application of the graphical method of Theis to the corrected
drawdowns (s’), the values of 77 and 8’ can be determined; the
approximate average coefficient of storage is then

S=[(m—s8)/m]S’. (11i)

In the test near Wichita, the initial saturated thickness was 26.8
feet; the drawdown averaged over the logarithm of the distance 50
to 200 feet—that is, the drawdown at the geometric mean distance,
100 feet—was 4.5 feet; and hence 8’ was found to be 0.35. Therefore,

S=[(26.8—4.5)/26.8]0.35=0.3

instead of 0.47, as determined from the observed drawdowns. This is
only an approximate spatial average (at a fixed time) of a coefficient
of storage that varies not only with distance from the pumped well
but also with time. Even if the coefficient of storage were invariable,
its true value could not be determined precisely by this application,
to an unconfined aquifer, of the theory of nonsteady flow in an aquifer
of uniform transmissibility.

WENZEL’S LIMITING FORMULA

For the aquifer test near Wichita, Kans., Wenzel’s limiting formula
gives P;=5,805 gpd per sq ft, which does not differ significantly from
the value obtained by the corrected drawdown methods in figures 72
and 73. The steps involved in the application of Wenzel’s limiting
formula and in the straight-line method are described below.

Wenzel’s limiting formula :

1. Tabulate well numbers, distances, and observed drawdowns.

2. Plot the water-level data on graph paper having rectangular coordinates,
and draw smooth curves through the points.

3. Determine values of drawdown from these curves for equal but opposite
radii, preferably upgradient and downgradient from the well, and
tabulate, for several different pairs of radii, values of B (half the
difference in the averages of the upgradient and downgradient draw-
decwns).

4. Determine the average thickness of saturated material upgradient and
downgradient between the same pairs of radii, and divide the loga-
rithm of the corresponding ratios of outer to inner radii by these
values. The resulting quotients are values of A.

5. Plot each value of A against the corresponding value of B, draw a
straight line through the plotted points and the origin, and from the
slope of that line determine P, (or k).
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The straight-line method using corrected drawdowns:
1. Tabulate well numbers, distances, and observed drawdowns, and correct
the drawdowns by subtracting (8*/2m).
2. Ploti the corrected drawdowns, 8°, against r on semilog graph paper, and
draw a straight line through the plotted points; from the slope of
that line and from its intercept, determine T and the apparent S.
Although step 2 in Wenzel’s method is not necessary if the observa-
tion wells are placed in pairs at equal distances upgradient and down-
gradient from the pumped well, his method still entails two extra

steps that involve considerable computation.

THE LOCATION OF OBSERVATION WELLS

As pointed out previously, Wenzel advocates that lines of observa-
tion wells be oriented upgradient and downgradient from the pumped
well, their location being based upon a preliminary determination of
the direction of the natural ground-water flow. Not only his limiting
formula but also his applications of the nonequilibrium method make
use of such orientation. However, it is questionable whether discrim-
ination in the choice of direction is warranted.

The equations for unconfined flow are based upon Dupuit’s premise,
which holds for water-table gradients that, although considered low,
are nevertheless steep compared to the usual undisturbed slopes in
nature. Whenever an initial natural water-table gradient exists, the
distribution of head, or potential, from different sources, natural and
artificial, can be added directly by the principle of superposition.
This principle is strictly applicable only when the transmissibility is
independent of the head—that is, when the aquifer is confined. The
second-order partial differential equation representing the conditions
of artesian flow is linear ; hence, the validity of superposing or adding
algebraically is verified. For unconfined aquifers, the differential
equation is not linear but of the second degree; thus, the superposi-
tion, for example, of a theoretical radial drawdown distribution on a
natura] water table having a low gradient gives the approximate re-
sultant distribution of head only at distances from the pumped well
that are greater than a certain limiting distance.

If whatever occurs upgradient is offset by an opposite effect down-
gradient, averaging the slopes upgradient and downgradient would
seem to counteract the nonlinearity for distances close to the well,
where Dupuit’s assumption also breaks down. This argument presup-
poses that the superposition of slopes is valid; then, from purely
theoretical considerations, there would be no reason for preferring one
direction to any other. From a practical viewpoint, both Dupuit’s
assumption and the principle of superposition seem uniformly. valid
in all directions from the pumped well, especially for undisturbed
gradients of the magnitude encountered in nature. Even if one
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direction were more significant than another, inhomogeneities and
variations in the thickness of the aquifer are of greater significance.
In fact the location of the observation wells should be based as much,
or perhaps more, upon geologic considerations as upon the ground-
water gradient. For instance, the configuration of the floor of the
aquifer is as important as the configuration of the water table except
in the immediate vicinity of the well. Often the geologic structure is
not known in sufficient detail to aid in the location of observation
wells. Even where the structure is known in detail, seldom does an
aquifer meet the specifications regarding uniform initial transmissi-
bility (that is, initial uniform thickness of saturated homogeneous
material). Therefore, any advantage that might be postulated by
placing the observation wells ungradient and downgradient is gen-
erally invalidated by the prevailing field conditions.

As an example of the above, consider an analysis of the water level
data from an aquifer test near Grand Island, Nebr. (Wenzel, 1936,
p. 26-57). As shown in figure 74, the observation wells for this test
were drilled along lines radiating from the well which was to be
pumped. During the test, pumping was continuous for 48 hours at an
average rate of 540 gpm. The data needed for application of the
graphical method to the corrected 48-hour drawdowns are given in
table 2 and are plotted in figures 75, 76, and 77. Table 8 summarizes
the determinations of the coefficients of transmissibility and storage
for all lines except S, for which the water-level data were not sufficient
for a separate analysis. (Actually, the fact that the pumped well did
not tap the full thickness of the aquifer completely upsets the analysis
and gives misleading results; this is discussed in a later section of
this paper.)

TaBLE 2.—Data for aquifer test near Grand Island, Nebr., giving drawdowns after
48 hours of continuous pumping at 540 gpm

Distance from Observed Corrected
Well pumped well, 73 drawdown, 832m drawdown,
r ft» 8 (ft) s’
[¢) (fe) ft)
Line A
) S, 249 620 4.01 0. 08 3.93
N 59. 9 3, 590 2.79 .04 2.75
S, 114. 4 13, 090 2.03 .02 2.01
L T 164. 2 27, 000 1. 61 .01 1. 60
;SR 229 52, 400 1. 14 .01 1.13
[ U 354 125, 300 . 65 .00 .65
(SO 429 184, 000 . 52 .00 .52
- ST, 479 229, 000 .44 .00 .44
L 604 365, 000 . 26 .00 . 26
100 . 755 570, 000 .16 .00 .16
) 3 D 904 817, 000 .11 .00 .11
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TaBLE 2.—Data for aquifer test near Grand Island, Nebr., giving drawdowns after
48 hours of continuous pumping at 540 gpm—Continued

Distance from Observed Corrected
Well pumped well, rd drawdown, 832m drawdown,
r t» ) (ft) 8’
(ft) (ft) (ft)
Line B
183 .. 29.9 894 3. 87 0. 07 3. 80
14 . 70.0 4, 900 2.59 .03 2. 56
165 .. 120. 0 14, 400 1. 86 .02 1. 84
16 .. 184. 9 34, 200 1. 31 .01 1. 30
17 .. 255 65, 000 .92 .00 .92
18 . 375 140, 600 .51 . 00 .51
19 . 425 180, 600 . 40 .00 .40
20 .. 500 250, 000 .29 .00 .29
21 . 650 423, 000 .16 .00 .16
22 ... 775 601, 000 . 10 .00 .10
23 .. 974 949, 000 .05 .00 .05
24 . 1, 149 1, 320, 000 .05 .00 .05
Line W
25 .. 49. 7 2, 470 2. 98 0. 04 2. 94
26 _ .. 170. 0 28, 900 1. 44 .01 1. 43
27 .. 270 72, 900 . 84 . 00 .84
28 .. 430 184, 900 .45 .00 .45
29 .. 625 391, 000 .21 . 00 .21
30 805 648, 000 .11 .00 .11
31 . 940 884, 000 .09 .00 .09
Line D
40. 1 1, 608 3. 15 0. 05 3.10
95. 1 9, 040 2. .24 .03 2.21
144. 7 20, 900 1. 71 .01 1. 70
214 45, 800 1.24 .01 1. 23
324 105, 000 .77 .00 L7
423 178, 900 . 51 .00 .51
448 201, 000 . 46 .00 . 46
573 328, 000 .28 .00 .28
723 523, 000 .15 .00 .15
872 760, 000 .10 .00 . 10
1,073 1, 151, 000 . 06 .00 . 06
1, 197 1, 433, 000 .05 .00 .05
Line C
44 . 39.3 1, 544 3. 23 0. 05 3.18
45 .. 80. 5 6, 480 237 .03 2.34
46 .. 130. 3 16, 980 1.72 .01 1.71
47 . 195. 6 38, 300 1. 21 .01 1. 20
48 .. 286 81, 800 .78 . 00 .78
49 _ . 410 168, 100 .41 .00 .41
S50 ... 425 180, 600 .39 .00 .39
[ 535 286, 000 .24 . 00 .24
52 . 685 469, 000 .12 .00 .12
53 .. 835 697, 000 .08 .00 . 08
54 .. 1, 035 1, 071, 000 .03 .00 .03
£37; 1,175 1, 381, 000 .01 .00 .01
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TaBLE 2.—Data for aquifer test near Grand Island, Nebr.,

GROUND-WATER HYDRAULICS

& ing drawdowns after
n

48 hours of continuous pumping at 640 gpm— tinued
Distance from Observed Corrected
Well pumped well, 12 drawdown, 22m drawdown,
T (ft? [ (ft) s
(ft) (ft) (1t)
Line SW
56 ___ 46. 7 2, 180 3.12 0.05 3.07
57 69. 5 4, 830 2. 58 .03 2. 55
58 . 93. 6 8, 760 2. 18 .02 2.16
59 118. 0 13, 920 1. 86 .02 1. 84
60 __._ 217 47,100 1. 11 .01 1.10
61 L ___ 317 100, 500 . 66 .00 . 66
62 .. 417 173, 900 . 41 .00 . 41
63 .. 517 267, 000 .28 .00 .28
64 . __ 617 381, 000 .20 .00 .20
65 .. 717 514, 000 .13 .00 .13
66 _______ 817 667, 000 .09 .00 .09
67 . 917 841, 000 .08 .00 .08
68 . 1, 017 1, 034 000 .07 .00 .07
Line 8
4 T 130. 1 16, 930 1.73 0.01 1.72
74 ... 225 50, 600 1. 00 .01 .99
£ S ‘———- 280 78, 400 .76 .00 76
76 e 383 146, 700 . 55 .00 . 55
Line N
S, 63. 2 3, 990 2. 67 0. 04 2. 63
78 o 160. 0 25, 600 1. 63 .01 1. 62
4 262 68, 600 . 96 .00 . 96
80_ . 342 117 000 . 65 .00 . 65
81 .. 446 198 900 . 42 .00 .42

TABLE 3.—Coefficients of iransmissibility and storage determined from the corrected
drawdowns after 48 hours of continuous pumping at 540 gpm during aquifer
test near Grand Island, Nebr.

. Coefficient of Fcient of
Line Vajasdzter | Velsostorter | iimiagbily, | Copficent
¢ ®h (gpd per ft)

AL 2. 45 5, 800 102, 000 0.19
B e 2.78 3, 700 90, 000 .26
W 2. 50 4, 700 100, 000 .23
Do 2. 50 5, 300 100, 000 .20
o 2. 67 3, 800 94, 000 . 265
8W__ 2.75 3, 600 91, 000 .27
Nl 2. 50 4, 700 100, 000 .23
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The average coefficient of transmissibility obtained from the data
for all lines of wells is 7=97,000 gpd per ft and the average coefficient
of storage is §=0.23. For the lines B and D, which extended up-
gradient and downgradient, respectively, from the pumped well, the
averages are 7'=95,000 gpd per ft and S=J.8c, and for lines A and
C, which made a right angle with lines B and D, the averages are
7=98,000 gpd per ft and S=023. The results in table 3 show that,
in general, where 7 is small § is large, a fact which probably indicates
that the aquifer thickens somewhat toward the north or northwest.
Any significance attached to the different average values of 7 from
lines B and D and lines A and C is outweighed by anomalies arising
very probably from differences in thickness.

THE GRADIENT FORMULA

If equation 1 issolved for %,
-9
k=i (Ohjor)’ (12)
and when (04/0r) and & vary with the angle 4,
then
PR E— (13)
f rh (oh/ar) db
[}

Wenzel’s equation (Wenzel, 1942, p. 86, eq 82), which is the basis
of the so-called gradient method, is obtained through approximation
of the integral of equation 13 by averaging the gradient and the satu-
rated thickness at the distance » upgradient with those at the distance
r downgradient. This method should yield results that are equivalent
to the results obtained by the Thiem method because both are based
on equivalent relations and one is the integral of the other. If the
former is applied at a distance within the range of applicability of the
latter, the same data being used, the result is in effect a duplication of
effort. The gradient method adds nothing to the Thiem method.
Moreover, it is much less accurate because of the limitations of accu-
racy in plotting and drawing smooth curves.

The applicability of the gradient method is illustrated by compu-
tations from table 4, which is a modification of a corresponding table
by Wenzel (1942, p. 124). Values of P;, computed by the gradient
formula for »=115 feet and »=125 feet, are

P _ 9,168 ft-min per day X540 gpm
T 115(98.094-97.98) 0.21 ft?
=1,050 gpd per sq ft;
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and

p 9,168 ft-min per day X540 gpm
T 125(98.194-98.08) 0.21 ft?

=960 gpd per sq ft.

The 9 percent difference in the results of these computations is to be
expected inasmuch as the differences in water-level altitude given in
table 4 are accurate only to the nearest hundredth of a foot. To indi-
cate that only 2 figures are significant, both results should be written
as 1,000 gpd per sq ft. Moreover, because the slope (0.009) 115 feet
downgradient from the well is smaller than the slope (0.010) 125
feet downgradient from the well, the agreement between the value of
P; determined by the gradient method and the one determined by
the limiting formula should be regarded as fortuitous.

TaBLE 4.—Data used in delermining the coefficient of permeability from redial
components of the hydraulic gradient after 48 hours of continuous pumping at 540
gpm during aquifer test near Grand Island, Nebr.

Altitude o(fnv;’ster table Altitude o(lft v)va.ter table
Difference Difference
Direction from pumped well ft) (ft)
110 ft from | 120 ft from 120 ft from | 130 ft from
pumped pumped pumped pumped
well well well well

Upgradient. ______________.___ 1,808. 44 1, 808. 56 0.12 1, 808. 56 1, 808. 67 0.1
Downgradient_...._.....__.__ 1, 808. 06 1, 808. 15 .09 1,808.15 1, 808, 25 .10
21 .21

WATER-LEVEL CORRECTIONS FOR WELLS TAPPING LESS THAN
THE FULL THICKNESS OF AN AQUIFER

If a pumped well does not tap the full thickness of the aquifer, the
drawdowns measured in observation wells tapping only the uppermost
part of the aquifer should be corrected (Muskat, 1937, p. 368). Be-
cause of the convergence of the flow lines in the vicinity of the well,
the loss of head along the top of the aquifer is greater than the loss
of head along the bottom and both differ from the head loss that
would occur if the pumped well tapped the full thickness of the
aquifer. This is especially true if, as is usually the case, the aquifer -
consists of stratified sediments. Even homogeneous beds of water-
deposited materials are invariably anisotropic. The inhomogeneities
of stratification give a resultant permeability in the vertical direction
that is many times smaller than the average permeability in the hori-
zontal direction, producing in a sense an equivalent anisotropy. Asa
result, the effect of tapping only the upper part of the aquifer is ac-
centuated; that is, the lateral extent of the disturbing influence is
increased.
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The effects of a well tapping only the upper part of an aquifer are
shown in figure 78, which is based on data from the aquifer test near
Grand Island, Nebr. (Wenzel, 1936, 1942). Figure 784 is a section
along line SW of observation wells. The pumped well, well 83, was
only 40 feet deep and was perforated throughout its length. That
the thickness of saturated materials at this site is about 100 feet is
shown by the graphic log of well 84 (fig. 78£’), which was 25 feet
south of well 83. Thus, because the static water level in the well was
about 5 feet below the land surface, well 83 effectively tapped only
about 35 percent of the full thickness of saturated material.

Figure 78C shows the streamlines and equipotential lines that would
be obtained if the sediments were homogeneous and isotropic. The
lines of equal potential, or in this case equal drawdown, were deter-
mined from Muskat’s equation (Muskat, 1937, p. 268, eq. 9). The
flow lines were sketched in to form an orthogonal system. In this
hypothetical case, the tapping of only the upper part of the aquifer
affects the distribution of head for a distance of about 150 feet out
from the pumped well. However, because the sediments are stratified,
the flow pattern actually is distorted as shown in figure 784. Lab-
oratory determinations of the permeability of bailer samples, plotted
beside the log of well 84, range from 2 to 4,350 gpd per sq ft. Weighted
according to thickness, for flow parallel to the plane of bedding, these
permeabilities average 1,200 gpd per sq ft, but weighted according
to reciprocal flow lengths, for flow across the plane of bedding, they
average only about 150 gpd per sq ft. This suggests an equivalent
anisotropy characterized by the permeability ratio (%,/k.)=8. Ac-
tually, in order to make the observed drawdowns compatible with the
computed drawdown at the point of stagnation underlying the well,
this permeability ratio was found to be more nearly twice as large as
indicated. In other words, the beds, on the average, are effectively
about 16 times as permeable in the horizontal direction as in the
vertical direction.

The flow pattern in figure 784 can be obtained by plotting the
orthogonal net of figure 783 on an elastic rectangular sheet which is
to be stretched to four times its original length without reducing its
width, or the stretching can be performed graphically.

The distribution of drawdown along the top and bottom of the aqui-
fer is shown in figure 788 ; a semilog plot of the identical data is shown
in figure 79. In both diagrams, the points plotted as open circles repre-
sent the corrected drawdowns (see table 2) for wells 56 to 68 for the
time when well 83 had been pumped continuously for 48 hours at 540
gpm. Because none of the observation wells extended more than a few
feet below the water table, the facts that the pumped well tapped only
35 percent of the full thickness of the aquifer and that the effective
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permeability ratio of the aquifer was 16 were taken into consideration
when the drawdowns along the bottom of the aquifer were computed.

As mentioned above, the drawdowns along the bottom of the aquifer,
as determined from those observed along the top, must be compatible
with the drawdown at the point of stagnation, which theoretically is
independent of the degree of anisotropy. The drawdown at this point
was determined by Muskat’s method. The head at the stagnation
point should be approximately 2.17(Q/2=7) lower than the head at a
distance equal to four times the thickness of an equivalent isotropic
sand (or 16 times the thickness of the actual sand). The drawdowns
for a well tapping the full thickness of the aquifer, indicated by a
dashed straight line in figure 79, were also computed from Muskat’s
equation. The drawdown on this curve at »=1,600 feet is —0.49 foot.
Thus, the drawdown at the stagnation point probably is about 1.0 foot
(see figs. 8B and 79).

The foregoing analysis of the effects of pumping from a well that
taps only the upper part of an aquifer is based upon a theory that,
strictly speaking, is applicable only to confined, or artesian, aquifers.
However, it gives an approximation of the actual conditions in an
unconfined aquifer that is close enough for the present discussion.

The uniform logarithmic drawdown distribution for steady flow
toward a well that taps the full thickness of an equivalent artesian
aquifer is shown in figure 78D by dashed lines representing traces of
concentric cylindrical surfaces in the vertical plane. The distribution
is approximately logarithmic out to a distance of about 400 feet. The
nonsteady drawdowns at greater distances are represented by the solid
vertical lines.

From the slope of the dashed straight line in figure 79, the coefficient
of transmissibility is found to be about 184,000 gpd per foot. From
corrected drawdowns, Wenzel (1942, p. 147) computed the permeabil-
ity to be about 1,000 gpd per sq ft, which is equivalent to a transmis-
sibility of 100,000 gpd per feot. Hence, for this aquifer test, failure to
take into consideration the fact that the pumped well tapped only the
upper part of the aquifer resulted in an apparent transmissibility that
is only 55 percent of the probable true value.

The straight line in figure 79 intersects the zero-drawdown line at
r=T75 feet, the apparent external radius of the system after 48 hours
of continuous pumping. The coefficient of storage determined from
this is 0.18, whereas Wenzel obtained 0.217.

The above evaluation of the aquifer test made by pumping from weil
83 is confirmed by comparing that test with the test made by pumping
from well 84. Well 84 was 105 feet deep, and because the top 24 feet
and the bottom 48 feet of the casing were perforated it effectively

690-185 0—63——3
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tapped about 70 percent of the full thickness of the aquifer (see
fig. 78E). This well was pumped intermittently for 2 days at about
the same rate as well 83, or 540 gpm. Because of the interruptions in
pumping and the uncertainties involved in correcting for them, com-
putations for this test were not published, although drawdown curves
for three observation wells were given by Wenzel (1936, pl. 5).

A reasonable correction for the interruptions can be made by assum-
ing that the coefficient of storage remained constant. Then, if ¢’ is the
time interval back to a given shutdown and ¢’/ is the time back to the
beginning of the pumping interval, the corresponding correction to be
applied to the 48-hour drawdowns is

(Q/4xT) log, (t'[t'")=(Q/4xT) log, [14(t'—t'’)/t"’]
N(Q/%’T)(t’_t”)/t”,
and the total correction is
As=(Q/4xT)Z[(t'—t"")/t""].

Corrections for the interruptions in pumping are given in table 5.
Because successive interruptions of short duration have been lumped
together, the computed correction is a liberal one:

Ag— 778,000 gpd X0.166

=7 182,000 gpd per ft 0050 foot.

TABLE 5.—Inlerruptions in the pumping from well 84 near Grand Island, Nebr.,
and the corresponding values of the factor (¥'~t'')/t"" used in correcling the 48-
hour drawdowns

{Pumping began at 8:05 a.m. on Sept. 9, 1931; average pumping rate was 540 gpm]

Period of interruption t ¢ [ i
v
F
Pumping Pumping Hours | Minutes | Hours | Minutes| Hours | Minutes
stopped started
September 9, 1931
1:18am.._.. 11:35am.____ 44 47 44 30 0 17 0. 006
12:36p.m__.__ 43 30 43 28 0 2 . 001
2 42 5 40 27 1 38 . 040
5:55__.. 38 10 37 34 0 36 . 016
4:26 27 39 26 2 1 37 .062
8:57 23 8 22 33 0 35 .026
9:36. 22 29 22 27 0 2 . 001
9:39. 22 26 22 25 0 1 .001
9:48 22 17 22 14 0 3 . 002
11:17 20 48 20 46 0 2 .002
11:49__ 20 16 20 10 0 [} . 005
12:06 19 59 19 54 0 5 . 004
Z=0.166
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The corrected drawdowns in the three wells are as follows:

Well 657 ___________ feet__. 2.1640.06=2 22
59 .. do.. 1.45+ .06=1.51
61 _ . do.. .58+ .06= .64

These points are plotted in figures 788 and 79. Because the two
perforated lengths of casing in well 84 are at the top and bottom of the
sand, Muskat’s theory, which assumes a single length of perforated
casing at either the top or bottom, does not apply. However, the draw-
downs observed when well 84 was pumped were much less than the
drawdowns at corresponding distances when well 83 was pumped.
Hence, the effect of tapping different fractional parts of the full thick-
ness of an aquifer is clearly demonstrated.



CORRECTION OF DRAWDOWNS CAUSED BY A PUMPED
WELL TAPPING LESS THAN THE FULL THICKNESS OF
AN AQUIFER

By C. E. Jacos
ABSTRACT

If a pumped well taps less than the full thickness of a confined aquifer, it is less
efficient than it would be if it were to tap the full thickness. Also, the distribution
of head in its vicinity differs from that which would characterize a well having
the same effective radius, discharging at the same rate, but tapping the full
thickness of the aquifer at the same location. Because the formulas for deter-
mining the hydraulic constants of an aquifer are based on the assumption that the
pumped well taps the full thickness, the observed water-level drawdowns caused
by pumping from a well which taps less than the full thickness should be corrected
before they are used in the formulas. Muskat (1932) and Kozeny (1933) described
the problem in detail, and Wenzel (1942) gave it cursory treatment. This paper
not only outlines the method of making the corrections, but also includes the
necessary graphs. It also includes a table for determining the drawdown at the
point of stagnation beneath a pumped well that taps less than the full thickness
of an aquifer.

THE FORMULA FOR CORRECTING DRAWDOWNS

Whether or not a pumped well taps the full thickness of an aquifer
is of practical significance. Not only is the productivity of the well
affected but also the distribution of head in its vicinity. If a well
that is pumped in making an aquifer test taps less than the full thick-
ness, the water-level drawdowns observed during the test must be cor-
rected before an accurate coefficient of transmissibility, or of perme-
ability, can be computed. The corrections are necessary because the
formulas for the determination of hydraulic constants from aquifer-
test data are based on the assumption that the pumped well taps the
full thickness.

Muskat (1932, p. 329-364 ; 1937, p. 263-286) developed an equation
for the discharge of a well that taps only a fraction of the full thick-
ness of an aquifer in terms of the full thickness and permeability of
the aquifer, the fractional part tapped by the well, and the total
potential drop from the assumed effective external radius of the system
to the known internal radius. Kozeny (1933, p. 101) summarized
Muskat’s analysis by a somewhat simpler empirical expression that is
a sufficient approximation for many purposes. Kozeny’s empirical
formula can be written

_21rTswa[1+7(r,,/2am)* cos (raf2)]
Q= Tog, ()

1)
or

Q=Qoo{1+7(r,2am)* cos (wa/2)]=Qoc/C, (2)
272
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where
1/C=147(r,{2am)? cos (raf2). 3)
In these equations

Q=the rate at which water is discharged by a pumped well that
taps less than the full thickness of the aquifer,

@Q,=the rate at which water would have been discharged if the
well had tapped the full thickness of the aquifer,

T=the coefficient of transmissibility of the aquifer,

m=the full thickness of the aquifer,

a=the fractional part of m tapped by the pumped well,

ro=the radius of the pumped well,

sw=the drawdown in the pumped well (that is, the drawdown at
distance 7).

r.=the external radius of the system (that is, the distance from
the pumped well to the locus of zero drawdown), and

C'=the correction factor.

The apparent transmissibility, 7", referred to the total thickness of
the aquifer and determined from observations of the drawdown in a
pumped well, is given by

T =Q IOge (re/rw)_ (4)

278y

Similarly, the true transmissibility is

__Qolog, (r/ru)
T_—m_ 5)
Hence,
T_Q_C,
7°Q a (©)

which is the ratio of the true to the apparent transmissibility, or of
the true to the apparent permeability. From equation 6,

oo
=0 @

which is the correction factor given by Wenzel (1942, p. 109). This
correction is only for values of permeability or transmissibility de-
termined from the drawdown inside the pumped well. Moreover, as
¢, is unknown, equation 7 does not lead to a solution of the problem;
however, @, can be determined from equation 2.
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Muskat (1937, p. 283) states that the flow of water toward a
pumped well that taps only a fractional part of an aquifer becomes
almost exactly radial at a distance from the well equal to twice the
aquifer thickness. However, this is true of isotropic aquifers only,
and most aquifers that consist of water-deposited sediments are
stratified and, therefore, as a whole, are anisotropic. The flow toward
a well that taps less than the full thickness of an anisotropic aquifer
becomes radial at a distance from the well equal to twice the aquifer
thickness multiplied by the square root of the ratio of the horizontal
to the vertical permeability. For example, if an aquifer is 16 times
as permeable in the horizontal as in the vertical direction, then purely
radial flow occurs only beyond a distance equal to about 8 times the
aquifer thickness. Drawdowns measured within the area in which
flow toward the well is radial must be corrected if the coefficient of
transmissibility computed from them is to be accurate.

In order to correct the drawdowns, the distribution of head through-
out the aquifer must be known. However, because the foregoing
equations relate merely to the difference in head between the inflow
and outflow surfaces, they are inappropriate for use in determining
the distribution of head in the vicinity of a pumped well. Instead,
the distribution of head may be found from two equations derived
by Muskat (1937, p. 268, eq. 8 and 9)—one for small values of » and
the other for large values of #. The latter contains one term for the
logarithmic distribution of head for purely radial flow and a second
term for the difference between the actual distribution and the loga-
rithmic distribution. For convenience, consideration need be given
only to the distribution of head as found from drawdowns measured
along the top and along the bottom of the aquifer; such drawdown
readings are found from one series of observation wells or piezometers
that extend into the uppermost port of the aquifer only and from a
second series that extend to and are open only in the bottommost part
of the aquifer. The divergence of the head from a purely logarithmic
distribution at a distance » from the well is given by

A (@ma) g [(£1)*Ky(nxr/m) sin (nxa))
QT n

where K, stands for the modified Bessel function of the second kind
of zero order, the plus sign is for the drawdown distribution along the
top of the aquifer, the minus sign is for the distribution along the
bottom of the aquifer, and 8 is the drawdown correction factor.
Figures 80 and 81 are based on data computed from equation 8 and
give, for different fractions of aquifer tapped by the pumped well, the

=9, (®)
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F1GURE 80.—Corrections for drawdowns along the top of an aquifer for different fractional parts, o, tapped
by the pumped well.

correction factor to be applied, respectively, to drawdowns measured
along the top and the bottom of the aquifer.
From equation 8

As=38(Q/2+T), (9)
where As is the drawdown correction—the difference between the
observed drawdown and the drawdown that would have resulted if
the pumped well, discharging water at the same rate, had tapped the
full thickness of the aquifer.
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F1oUrE 81.—Corrections for drawdowns along the bottom of an aquifer for different fractional parts, «,
tapped by the pumped well.

If the well is assumed to tap only the upper part of the aquifer, the
drawdown will be greatest along the top of the aquifer and least along
the bottom because of the convergence of the streamlines upon the
opening to the well. If the well is open to only the bottom part of
the aquifer and no part of the aquifer is unwatered, the drawdown
pattern is similar, though inverted, to that for the well open only to
the top part of the aquifer. The curves in figures 80 and 81 do not
apply if the screen is in some intermediate position, nor do they apply,
strictly speaking, to unconfined aquifers.
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APPLICATION OF THE FORMULA

Application of the formula for correction of drawdowns caused by
a pumped well that taps only the upper part or only the lower part
of an aquifer and the procedure for determining the coefficient of
transmissibility of an aquifer from the corrected drawdowns are best
illustrated by an example. Assume that a well having an effective
radius of 1.0 foot and its screen set in the top 40 feet of an artesian
aquifer 100 feet thick (hence, «c=0.40) has been pumped at a constant
rate of 840,000 gpd long enough to establish steady radial flow beyond
the most distant of 3 observation wells. The drawdowns in the obser-
vation wells, which tap only the top of the bed and which are 50, 100,
and 150 feet from the pumped well, are 5.02, 3.18, and 2.30 feet,
respectively. The drawdown in the pumped well is 18.4 feet. If the
screen loss is negligible and the aquifer is homogeneous and isotropic
with respect to permeability, determine the coefficient of transmissi-
bility of the aquifer from ebserved drawdowns.

First, plot the drawdowns against the logarithm of their respective
distances from the pumped well (see fig. 82). Draw a straight line
(line I) as closely as possible through the plotted points and make a
preliminary determination of the coefficient of transmissibility from
the formula

72300,

2xAs (10)

where As=the drawdown difference over one log cycle.
From figure 79 and equation 10
_2.30X840,000

T= ——————21(9.1_3.2) =52,000 gpd per ft

and, hence,

Q@ _as 59

21T—2.3O—2.30_2'56 feet.
Assume, as a first approximation, that the above value of 7' is correct
and make the following computations and corrections from the given
data and figure 80:

Welll Well?2 Wels

Distance, 7, . _ e feet__ 50 100 150
arfm=ar[100 _ _ _ e 1.57 3.14 471
Observed $op- - - - - - - e feet__ 5.02 3.18 230
&, from figure 80____ ___ __ i 0.31 0.045 0.008
A8 ¢4y, from equation 9______ ______________________ feet_. 0.80 0.12 0.02

Corrected drawdown=s—As__ __ __ oo do__ 4.22 3.06 -2.28
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Plot the corrected drawdowns against their respective values of 7,
and draw a straight line through the points (line II) (see fig. 82).
Make a second trial determination of 7" and @ /27T :

_2.30X840,000
T_——_Zw(7.l—3.l) =77,000 gpd per ft,
and
Q As 4.0

Further correct the observed drawdowns by repeating the above pro-
cedure using the corrected values of 7' and @/2»7":

Well 1 Well2 Wells

Observed Stopy - - - v - oo feet_.. 5.02 3.18 230
5, from figure 80 _ . _ oL 0.31 0.045 0.008
A8¢op, from equation 9. ____________________ feet._ 0.54 0.08 0.01
Corrected drawdown =8—AS_ _ - oo ___ do... 4.48 3.10 2.2

Again, plot the new values of corrected drawdowns and draw a
straight line through the points (line IIT) (see fig. 82). Make a third
trial determination of 7 and @/2x7":

2.30X840,000
T——2—1r—(77—.7—_'_—3—.1—)‘—67,000 gpd per ft,
and
Q As 45

=2.00 feet.

2T 2.30 2.30

Repeating the procedure a fourth time results in line IV (fig. 82),
from which 7=69,000 gpd per ft and @/2»7=1.94 feet. These prob-
ably are close enough to the true value, and further computations
are not necessary.

As a further check, however, the drawdown that would occur in a
pumped well tapping the full thickness of the aquifer can be deter-
mined from equation 1. Solving this equation for the hypothetical
drawdown, (Q/2xT)1og.(7./7:), yields s.a/C, where C is defined in
equation 3. Inthe above example,

7 cos (0.27)

V80

7 (cos 0.628)

=+

=1.634,

1
and, therefore,

%ﬁ=18.4><0.40>< 1.634—=12.0 feet,

which is identical to the s-ordinate of the point of intersection of line
1V with the line »=7,=1 foot in figure 82. This indicates that the
corrected drawdowns represented by line IV are the drawdowns which
would result if a well tapping the full thickness of the aquifer dis-
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charged 840,000 gpd and that the coefficient of transmissibility of the
aquifer is 77=69,000 gpd per ft.

The lower dashed line in figure 82 gives the probable distribution
of drawdown as measured in wells that are open to only the top part
of the aquifer. The drawdowns that would have been observed in
wells 1, 2, and 3 had they extended to and been open to only the bottom
part of the aquifer can be determined by making a correction using
figure 81:

GROUND-WATER HYDRAULICS

Well 1 Well £ Well 3
Corrected drawdown, from line IV, figure 82_ _feet__ 4. 42 3.09 2. 28
s, from figure 81 ______________________________ —0.28 —0.044 —0.008
ASpottom, from equation 9__________________ feet_.. —0.54 —0.09 —0.01
Sbottom=8"8A_ .- do__ 3.88 3.00 2.27

The upper dashed line through the spott0m points in figure 82 gives the
probable distribution of drawdowns as measured along the bottom of
the aquifer.

DETERMINATION OF THE DRAWDOWN AT THE POINT OF
STAGNATION

If the distribution of drawdown in the vicinity of a well that taps
only the upper part of an aquifer is to be represented graphically, the
drawdown at the point of stagnation beneath the well must be deter-
mined. In table 6 the difference between the drawdown, s, at the
point of stagnation and the drawdown, s,m, at a distance of 4m, is given
in units of (©/2«7) for different values of « under two alternative
assumptions regarding conditions at the well face. The data in the
second column were computed from an equation derived by Muskat

TaBLE 6.—Data for determination of drawdown at the point of stagnation beneath a
well tapping less than the full thickness of an aquifer

(30— 8um)/ (Qf2x T)
Fractional part of aquifer tapped by pumped well .

For uniform For uniform

velocity at well drawdown at

screen well screen
0.00_ e 1.96 | oo oo
0.05. e e 2. 34
0.10. o em—en 1,971 2.25
0.20. e 1.992 ..
0.25_ e e 2.15
0.30. o 2.030 (- _
0.40 el 2. 087 12.25
0.50 . 2. 170 2.37
0.60_ oo 2. 287 |ccceeaao-
0.70 . e 2.459 |-
0.75 e e 2. 80
0.80. e 2733 |ocmmoeceoa
0.90. . o 3. 264 3.70

1 By interpolation.
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(1937, p. 268, eq 8) which is based upon the assumption that the flux
through the face of the well—the screen velocity—is uniform. The
data in the third column were made available to the author through
the courtesy of Dr. Muskat and the Gulf Research & Development
Co. They were obtained by adjusting, largely by trial and error,
the flux-density distribution so as to give a virtually uniform distri-
bution of potential over the well face.

Assume, once again, that a well having an effective radius of 1.0 foot
and its screen set in the top 40 feet of an artesian aquifer 100 feet
thick has been pumped at a constant rate of 840,000 gpd long enough
to establish steady radial flow beyond a distance of 4m, or 400 feet.
At that distance, the drawdown, taken from line IV in figure 82, is
0.40 foot. The drawdown at the piont of stagnation, if uniform screen
velocity is asumed, is

8p=2.09 -2—%,—}-0.40——: (2.09<1.94)4-0.40=4.45 feet,

or, if uniform drawdown at the screen is assumed, is

8p=2.25 %,«{—0.40:: (2.25X1.94) +0.40=4.76 feet.
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